ABSTRACT: We exploit the pronounced and persistent low salinity layer in Doubtful Sound, southwest New Zealand, as a natural experimental system with sharp environmental gradients in which to study physical versus biological control of element incorporation into biogenic carbonate. Mussels Mytilus galloprovincialis transplanted to cages in the low salinity layer and saline layer in inner, mid and outer fjord habitats were used as biological integrators of physico-chemical conditions in each water mass over a period of several months. We used solution inductively coupled plasma mass spectrometry (ICP-MS) to measure the concentrations of 15 elements (Li, B, Mg, P, S, Mn, Fe, Co, Cu, Zn, Rb, Sr, Cd, Ba, Pb) in the experimental shell growth and relate spatial trends to those in salinity and elemental sources. S concentrations were consistently below detection limits while Zn and Rb showed no spatial variability. The majority of elements were subject to environmental control, likely reflecting ambient concentrations and salinity. Sr incorporation showed evidence of strong biological mediation of environmental signals via the crystal shell growth rate. These findings are a valuable addition to the growing body of literature seeking to resolve physical versus biological controls of individual trace element incorporation into biogenic carbonates, and have important consequences for their use as environmental indicators or tracers for ecological studies.
INTRODUCTION
Concentrations of trace, minor and major elements within biogenic calcified structures may reflect environmental conditions at the time of accretion and as such have the potential to provide information on dispersal and connectivity patterns of fish (Thorrold et al. 2002) and invertebrates (DiBacco & Levin 2000) , stock structure (Campana et al. 1994) , palaeoclimatic conditions (Dodd & Crisp 1982 , Gillikin et al. 2006 ) and anthropogenic disturbances (Gillikin et al. 2005a ). However, increasing evidence suggests that in addition to physical mechanisms such as temperature and salinity, biological processes such as calcification rate are important in controlling elemental uptake and can mask or modify environmental signals (Vander Putten et al. 2000) .
During molluscan shell formation, an integrated series of physiological, biochemical and crystallographic processes result in a highly organised structure of calcium carbonate crystals in an organic matrix; these processes likely occur extracellularly and in physical isolation from the seawater in the extrapallial fluid (EPF) that fills the extrapallial cavity (Wilbur 1972) , although more recently cellular involvement in the biomineralisation of oyster shells has been suggested (Mount et al. 2004) . Ions used in calcification are transported to the EPF via both passive and active pathways (Gillikin et al. 2005b , Carré et al. 2006 and their incorporation into the matrix is directly dependent upon their concentration in the EPF at the site of crystallisation, which is in turn controlled by the haemolymph and mantle tissues. Fractionation can occur, resulting in carbonates that do not reflect direct seawater precipitation (Wilbur 1972) . Passive uptake occurs down a concentration gradient, although some elements (e.g. Mn, Zn, Cd, Pb) may also be transported via ion pumps (Qiu et al. 2005) . Divalent ions with radii smaller than or similar to Ca 2+ can substitute into the crystal lattice by diadochically replacing Ca 2+ ions and may result in a lattice distortion (Goldsmith et al. 1961) , potentially increasing the likelihood of subsequent incorporation of larger ions (Pitts & Wallace 1994 , Vander Putten et al. 2000 , de Vries et al. 2005 .
For the majority of elements, the free ion is the most bioavailable form (Phillips 1995) . Ambient seawater concentrations of these ions can have varying effects on their concentrations (relative to Ca) in biogenic carbonates. Early studies showed that Sr/Ca and Mg/Ca in mytilid mussel shells are directly related to seawater concentrations (Dodd 1965 , Lorens & Bender 1980 ) and a correlation has been reported between Mn/Ca and Pb/Ca in bivalve shells and the surrounding water (Becker et al. 2005) . Incorporation of elements with a larger ionic radius than Ca 2+ (e.g. Ba
2+
) may be strongly influenced by environmental factors and a direct relationship has been reported between Mytilus edulis shell Ba/Ca and ambient Ba concentrations (Gillikin et al. 2006) . The concentration of bioavailable free ions varies with salinity (Bruland 1983) , but studies on elemental uptake by bivalves have reported conflicting effects of salinity. Salinity may influence elemental concentrations in M. edulis tissues through (1) increased availability in low salinity waters due to the higher capacity of freshwater to retain elements in solution or suspension; (2) different ion flux rates at different salinities, or (3) physiological responses at stressful salinities such as valve closure in osmoconforming bivalves during periods of rapid salinity decrease, which can effectively halt uptake from either dissolved or particulate phases during the periods when element availability is maximal (Phillips 1977b) . At salinities < 6 the proportion of the free Cd 2+ ion in the total Cd pool increases and increased uptake of both Cd and Cu by M. edulis has been reported at lower salinities (Phillips 1976 (Phillips , 1977a . Some studies have suggested a minor environmental influence on Sr incorporation by mytilids (Rucker & Valentine 1961 , Lorrain et al. 2005 , Carré et al. 2006 . At low salinities (< 8) a direct relationship does seem to exist (Dodd & Crisp 1982) and an increase in Sr incorporation with increasing salinity has been reported in a long-lived bivalve (Raith et al. 1996) . A strong inverse relationship between Mg/Ca and salinity has been reported in mytilid shell material (Dodd 1965) , although during estuarine mixing Mg in solution may only differ between freshwater and saltwater at salinities < 8 (Dodd & Crisp 1982) and elsewhere minimal environmental control of Mg/Ca has been reported (Lazareth et al. 2003 , Carré et al. 2006 . There is evidence for a relationship between salinity and Mn uptake in bivalve shells (Rucker & Valentine 1961 , Strasser et al. 2008a . Freshwater is enriched in Mn and Ba relative to seawater but the absence of a direct correlation between Mn/Ca or Ba/Ca and precipitation (and therefore runoff) suggests that the relationship is nonlinear (Lazareth et al. 2003) and interactions between environmental conditions and biological factors complicate the interpretation of Mn/Ca in biogenic carbonates (Elsdon & Gillanders 2003 , Bath Martin & Thorrold 2005 , Strasser et al. 2008a .
Information on other elements is sparse. In an early work, Rucker and Valentine (1961) found no relationship between B/Ca, Mg/Ca or Cu/Ca in oyster shells and salinity; however Furst et al. (1976) suggested that B may vary directly with salinity in mytilid shells. No studies to date have related bivalve Li/Ca to environmental or physiological conditions but experimental studies have reported a strong positive correlation between Li/Ca in fish otoliths and salinity (Hicks et al. 2010) . Environmental effects on Pb uptake in mytilids are largely unknown, although an inverse relationship with salinity has been suggested (Phillips 1978) .
As relationships between environmental conditions and bivalve element/Ca ratios are inconsistent, particularly for well-studied elements such as Sr and Mg, species effects are likely. Indirect effects of environmental conditions may also be important, for example through increased growth rates under optimal conditions (Gillikin et al. 2005a (Gillikin et al. , 2005b . The growth entrapment model (Watson 1996) predicts that the ability of a deposited material to expel trace impurities is exceeded at high crystal growth rates, leading to increased element concentrations (Carré et al. 2006) although this model has been disputed (Foster et al. 2009 ). Growth rate has been reported to affect Sr incorporation in some bivalve species but not others (Swan 1957 , Gillikin et al. 2005b , Foster et al. 2009 ); no relationship has been established between growth rate and Sr/Ca in mytilids (Lorens & Bender 1980 ). Higher growth rates may also result in increased incorporation of Mg, Mn and Ba in fish otoliths (Bath Martin & Thorrold 2005 , Hamer & Jenkins 2007 and bivalve shells (Stecher et al. 1996 , Carré et al. 2006 ) but elsewhere an inverse relationship with bivalve growth rate has been attributed to an increased ionic discriminatory ability with increased size (Strasser et al. 2008b) . Similarly, increasing age has been linked to a decrease in incorporation of Sr and Mg in mytilids (Dodd 1965) . Doubtful Sound, New Zealand, represents an interesting model system in which to study fjord oceanographic and ecological processes, as the typical estuarine circulation pattern and salinity regime have been anthropogenically amplified. The high orographic rainfall (~7 m yr -1 ) and steep topography of the Fiordland region result in naturally large inputs of freshwater into the fjords (Stanton & Pickard 1981) . This results in a persistent condition of 2 distinct water masses, with a surface low salinity layer (LSL) overlying a denser saline layer (SL). The 2 water masses become progressively more mixed towards the mouths of the fjords, resulting in a steady decrease in depth and increase in salinity of the LSL along the fjord axis (Gibbs et al. 2000) . In Doubtful Sound the LSL is both more pronounced and more persistent as a result of freshwater outflow from the Manapouri hydroelectric power station (HEP) outflow, which diverts nearly the entire flow from the catchments of Lakes Manapouri and Te Anau and discharges 450 to 700 m 3 s -1 of freshwater into the head of Doubtful Sound at Deep Cove (Fig. 1 ). This effectively more than triples the freshwater input into the fjord (Stanton & Pickard 1981 , Bowman et al. 1999 ) forming a jet (Gibbs et al. 2000) that is detectable as a plume some distance outside the mouth of the fjord (Frew & Hunter 1995 , McCully et al. 1995 . Typically 1 to 4 m in thickness but periodically extending to a depth of 12 m at the head of the fjord (Rutger & Wing 2006) , the LSL in Doubtful Sound is significantly deeper than the more naturally variable LSLs in other fjords in Fiordland and is likely one of the most pronounced in the world (Stanton & Pickard 1981 , Gibbs 2001 . Unlike in other fjord systems, the LSL in Doubtful Sound is a year-round phenomenon. It creates strong environmental gradients over relatively small spatial scales, both vertically through the water column and horizontally along the fjord axis.
Outflow from the Manapouri HEP means that elemental gradients within Doubtful Sound are potentially more accentuated than in unaltered fjords in the system, as the catchment has been extended to include Lakes Manapouri and Te Anau. The surrounding mountains are predominantly igneous (Oliver 1980) . As the area is geologically young, of volcanic origin, seismically active and mineral-rich, relatively high fluvial inputs from weathering and erosion are likely. Anthropogenic inputs originating from pollutants are minimised by the National Park status of the surrounding area. The scarce topsoil on the steep-sided walls lacks the macronutrients N and P, which are predominantly sourced from the exchange of oceanic water over the entrance sill, and levels are significantly higher in the SL than the LSL (Peake et al. 2001) . High levels of Si are sourced from the LSL which, when mixed with the N and P-rich SL, result in diatom blooms (Goebel et al. 2005) .
The strong and persistent physico-chemical gradient between water masses in Doubtful Sound presents an exciting scientific opportunity to investigate the environmental and biological influences on trace metal uptake by biogenic carbonates in a natural system. Here we use experimental transplants across these environmental gradients to ask the question: how well is variability in the concentration of 15 elements explained by differences in environmental conditions or by differences in growth of shell carbonate? High longitudinal growth rates and tolerance to a wide range of environmental conditions render mytilid mussels well-suited to such questions (Vander Putten et al. 2000) . In this study we employ mussels as biological integrators of physico-chemical conditions within the LSL and the underlying SL over a period of several months and assess the relative importance of physical and biological controls of element incorporation into shells grown in situ, under natural conditions, in a region of strong environmental gradients.
MATERIALS AND METHODS
Oceanographic surveys. Oceanographic surveys were conducted using a Seabird SBE-19 conductivity, temperature and depth (CTD) profiler, which sampled (Wing & Leichter 2011 ). Profiles at 3 replicate sites each in the inner, mid and outer fjord habitats ( Fig. 1 ) were used to describe the long-term average temperature-salinity climate in each habitat. As both temperature and salinity are highly variable within the LSL in response to freshwater inputs (Stanton & Pickard 1981 , Stanton 1984 , 1986 , Gibbs et al. 2000 , Gibbs 2001 ), averages provided robust estimates of the range of conditions vertically through the water column and horizontally along the fjord axis. Sampling events spanned 10 yr (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) and included periods of both high and low rainfall. Temperature was also recorded in situ for 5 mo of the 7-mo experimental period (July-December 2006) by HOBO Temp loggers (Onset Computers) attached to each mussel transplant cage.
Mussel transplant experiment. Mussels Mytilus galloprovincialis were collected from outer Doubtful Sound in July 2006 and transplanted to cages at 3 replicate sites each in the inner, mid and outer fjord habitats ( Fig. 1 ; see Wing & Leichter 2011 for more detailed methods). The extent of shell growth at the start of the experimental period was marked by etching the distal margin of one valve using a triangular file. Experimental cages at 2 m depth were positioned within the LSL while cages at 8 m depth were positioned within the SL. Mussels were retrieved in February 2007 after an experimental duration of 213 d incorporating the most productive spring-summer growth period. Mortality is reported in Wing & Leichter (2011) ; a sub-sample of live mussels (n = 68) was selected for trace element analysis. The experimental shell growth was easily identifiable as the portion distal to the etched mark. Mussels were immediately frozen before the flesh was removed using Teflon-coated forceps and discarded. Growth rate was calculated as the change in shell length divided by the average shell length during the experiment for each individual (Wing & Leichter 2011) . Experimental valves were stored in individual bags for subsequent elemental analysis.
Elemental analysis. Valves were transferred to a clean laboratory where the experimental growth portion (distal to the etched mark) was clipped off using Teflon coated forceps and transferred to individual acid-washed high-density polyethylene (HDPE) vials. A solution of 15% hydrogen peroxide buffered with 0.05 mol l -1 sodium hydroxide (trace element grade, Fisher Scientific) was added to each vial and microwave-assisted heating was applied for 24 h to remove the organic material (including the periostracum) from the shell tissue. Samples were rinsed 3 times in quartz distilled (QD) 18 mQ water. A 1% nitric acid solution (Merck Suprapure) was then added to the vial for 10 s before rinsing a further 4 times with QD water. Samples were left to dry in a laminar flow hood before being transferred to clean acid-washed HDPE vials. Clean, dry samples were weighed and then crushed using an agate pestle and mortar and both calcite and aragonite crystalline phases were dissolved in superpure double distilled nitric acid (65%, Merck Suprapure®) and analytical reagent (AR) Grade H 2 O 2 using a microwave digestion system (START D, Milestone). Concentrations of 15 elements were measured using inductively coupled plasma mass spectrometry (ICP-MS). For Fe, collision reaction interface (820-MS, Varian) was used in addition to ICP-MS to minimise polyatomic interferences. Concentrations of S were not significantly greater than instrumental detection limits and it was excluded from subsequent analyses. Concentrations of each element were converted to μmol or mmol per mol 43 Ca. Machine precision estimates (relative standard deviation, Table 1 ) were calculated based on 3 replicate measurements of the same sample and were within acceptable limits for the analysis of spatial trends.
Statistical analysis. Statistical analyses were performed using PERMANOVA+ for PRIMER v.6 (Primer-E), which calculates p-values under permutation and therefore avoids the assumptions of normality and homogeneity of variance inherent in traditional tests (Anderson 2001 (Gower 1966 , Anderson & Willis 2003 . Permutational ANOVA was used to quantitatively identify the suite of individual elements driving horizontal and vertical trends in multivariate composition. The effects of salinity and growth rate on individual element concentrations were assessed using the distance-based linear model (DistLM) routine. As salinity explained 94% of the variability in mussel growth rates (Wing & Leichter 2011) , the 2 factors were modelled sequentially to assess whether growth rate explained a significant proportion of the variability in element/Ca ratios given that already explained by salinity.
RESULTS

Oceanographic survey
In situ temperature differed between all experimental groups, but the high seasonal variability within the LSL meant that long-term climatological averages did not differ between any experimental groups (Fig. 2) . Because of this, and the fact that the LSL is warmer than the SL in the summer but cooler in the winter, salinity was considered a better marker for each water mass than temperature.
In all habitats, salinity increased with depth and became less variable (Fig. 3) . Mean surface salinity increased along the fjord axis from ~5 in the inner fjord to ~15 in the outer fjord. Surface salinity range in the inner fjord was restricted to < 20 but in the mid and outer fjord habitats included more oceanic values of > 25. In the inner fjord the LSL extended to greater depths than in the mid fjord; in the outer fjord the LSL was shallow and already partially mixed with the underlying seawater. Mean salinity was significantly lower at 2 m than 8 m depth in all habitats (inner fjord, pseudo-t = 20.051, p = 0.0001, df = 70; mid fjord, pseudo-t = 11.842, p = 0.0001, df = 62; outer fjord, pseudo-t = 11.953, p = 0.0001, df = 54), with salinity at 8 m depth typical of fully saline ocean water (Fig. 3d) . Within the LSL, salinity increased along the fjord from the inner fjord to the mid fjord (pseudo-t = 2.9639; p = 0.0050; df = 49) but mid fjord and outer fjord did not differ (pseudo-t = 1.9293; p = 0.0618; df = 43). Within the SL, salinity did not vary between inner and mid fjord habitats (pseudo-t = 0.5064; p = 0.6131; df = 83) but increased between mid and outer fjord habitats (pseudo-t = 2.8941; p = 0.0055; df = 73). Salinity was more variable in the LSL than the SL in all habitats (inner fjord, pseudo-t = 10.026, p = 0.0001, df = 70; mid fjord, pseudo-t = 10.307, p = 0.0001, df = 62; outer fjord, pseudo-t = 9.707, p = 0.0001, df = 54). 
Elemental analysis
Multivariate trends
Multivariate elemental composition of mussel shells was unaffected by terminal size or growth rate over the experimental period, nested within experimental group (p > 0.05). Elemental signatures varied significantly among habitats (pseudo-F 2,62 = 9.068; p = 0.0001) and between depths (pseudo-F 1,62 = 15.930; p = 0.0001). CAP successfully reclassified 73.5% of samples to their experimental group; 13.2 to 19.1% would be expected by chance based on sample sizes in each group. The first 2 PCO axes explained 55.7% of the total variation in trace element signatures: PCO1 separated out samples from the inner fjord LSL and explained 43% of the variation, while PCO2 separated remaining samples by depth (Fig. 4) . Post-hoc comparisons were made between depths within each habitat and among habitats within each depth and resulted in generally higher reclassification success rates that in all cases exceeded the rate expected by chance alone (Table 2) . Multivariate signatures were more dispersed in the LSL than the SL in the inner fjord (pseudo-t = 4.568; p = 0.0004; df = 62) but not mid (pseudo-t = 0.715; p = 0.7718; df = 62) or outer fjord habitats (pseudo-t = 0.504; p = 0.6722; df = 62). In the LSL, dispersion decreased significantly along the fjord axis from the inner fjord to mid fjord (pseudo-t = 5.296; p = 0.0002; df = 62) and outer fjord habitats (pseudo-t = 3.063; p = 0.0178; df = 62). In the SL, no clear trend in dispersion of multivariate elemental signatures was observed among inner, mid and outer fjord habitats. Univariate trends B/Ca, P/Ca, Mn/Ca, Fe/Ca, Co/Ca, Cu/Ca, Sr/Ca, Ba/Ca and Pb/Ca varied significantly both between depths and among habitats; Zn/Ca, Cd/Ca and Rb/Ca did not vary with either depth or habitat overall; Li/Ca varied significantly with habitat but not depth and Mg/Ca varied significantly with depth but not habitat (Table 3) . Spatial trends in individual elements are shown in Fig. 5 with letters indicating the results of post-hoc PER-MANOVA tests. No post-hoc tests were significant for either Zn or Rb and these 2 elements are not discussed any further.
Li/Ca increased with depth in the inner fjord. Within the LSL, concentrations increased from the inner fjord to mid/outer fjord habitats but in the SL Li/Ca did not differ among habitats. B/Ca increased with depth all habitats. Within the LSL, B/Ca was higher in the outer fjord than the inner or mid fjord. Within the SL, B/Ca decreased from inner to mid fjord then increased in the outer fjord.
Mg/Ca decreased with depth in the inner fjord. Concentrations decreased along the fjord axis in the LSL, while in the SL Mg/Ca did not differ between habitats. P/Ca, Mn/Ca, Fe/Ca Co/Ca, Cu/Ca and Pb/ Ca were significantly elevated in mussels grown in the inner fjord LSL. Concentrations of Fe, Cu and Pb did not vary amongst other experimental groups. Co/ Ca decreased along the fjord axis from inner to outer fjord in the LSL; Mn/Ca decreased from inner to mid/outer fjord in the SL. Sr/Ca decreased along the fjord axis in the LSL while concentrations in the SL increased from inner to mid fjord then decreased in the outer fjord. For all habitats, concentrations decreased with depth.
Cd/Ca decreased with depth in the inner fjord. In the SL Cd/Ca increased between inner and outer fjord habitats, with mid fjord concentrations intermediate.
Ba/Ca was significantly elevated in the inner fjord LSL relative to other experimental groups but decreased with depth in all habitats. Concentrations decreased along the fjord axis from inner to mid/outer fjord in the LSL but increased from inner to outer fjord in the SL.
Correlation with salinity and growth rate Mean element/Ca ratios were regressed against mean salinity at each depth in inner, mid and outer fjord habitats. Salinity was positively correlated with Li/Ca and negatively correlated with Sr/Ca and Ba/Ca (Table 4) . Concentrations of each element in individual shells were regressed against growth rate during the experimental period. Growth rate was positively correlated with Li/Ca and negatively correlated with Sr/Ca and Ba/Ca (Table 4) . Modelling salinity and then growth rate sequentially, growth did not explain a significant portion of the variability in element/Ca given that explained by salinity for any element. Table 2 . Mytilus galloprovincialis. Leave-one-out reclassification to group success rates for inner, mid and outer fjord (Habitat) and from the low salinity layer (LSL) and underlying saline layer (SL) (Depth). The reclassification success rate predicted by chance alone and sample sizes are given for each experimental group
DISCUSSION
The results presented here indicate horizontal and vertical trends in the variability of mussel shell elemental concentrations that reflect sources and mixing of water masses along the axis and with depth in Doubtful Sound. Within the LSL, multivariate elemental signatures were most dispersed in the inner fjord -presumably due to highly variable freshwater inputs and only in the inner fjord habitat did dispersion differ between depths -reflecting the increased mixing of water layers along the fjord axis. The salinity regime and estuarine mixing processes in Doubtful Sound have been discussed in detail elsewhere and oceanographic data presented here reflect previously described patterns (Stanton & Pickard 1981 , Gibbs et al. 2000 , Gibbs 2001 ). However, no study to date has sought to experimentally relate the strong environmental gradients that characterise the system to the incorporation of elements into calcified biogenic structures. The ratios of individual elements to calcium that we observed were consistent with varying degrees and directions of environmental and biological control. Identification of these relationships in situ is critical to interpret environmental influences on biogenic carbonate formation and composition and to reconstruct larval and adult dispersal patterns in estuarine systems with strong physico-chemical gradients between water masses.
Evidence for environmental control of elemental uptake
Several trace elements (P, Mn, Fe, Co, Cu, Cd, Pb) were markedly concentrated in the shells of mussels grown in the inner fjord LSL. As none of these elements were directly correlated with salinity, there are 2 possible explanations for this: (1) relatively high levels of trace elements, possibly of anthropogenic origin, or (2) the concentration of bioavailable free ions is sufficiently elevated at the low salinities experienced by this experimental group to account for the increased uptake. P is typically elevated in areas with high agricultural runoff; while Doubtful Sound is a relatively pristine body of water, it is the only fjord in the Fiordland system that could potentially receive agricultural runoff via the HEP tailrace. PO 4 3-levels and sources in Lakes Manapouri and Te Anau are not known, but are expected to be low relative to the global freshwater average as surrounding land is predominantly native forest and tussock grasslands (Reid et al. 1999) . Peake et al. (2001) observed that PO 4 3-levels were much lower in the LSL than in the SL, which receives inputs through the renewal of basin water across the sill. However, concentrations within the upper 10 m of the water column were relatively uniform. Mussels growing at 8 m depth are unlikely to have received any of the oceanic PO 4 3-entering the fjord over the sill and all experimental animals were likely growing in relatively PO 4 3--deplete waters. The scant topsoil and minimal natural inputs to the system from runoff would suggest that the tailrace water introduces relatively high PO 4 3-water to the fjord. The initial decline in surface concentrations over the first ~7 km from the tailrace tunnel, followed by a steady increase due to mixing with higher PO 4 3-neritic water (Peake et al. 2001 ) lend support to this hypothesis.
Other elements with marked maxima in the inner fjord LSL are metals typically indicative of anthropogenic activity (Mn, Fe, Co, Cu, Cd and Pb) , which could potentially be elevated in HEP outflow water. Trace element concentrations in Lake Manapouri are relatively low (Reid et al. 1999 ) but may still exceed ambient concentrations in the naturally pristine waters of Doubtful Sound.
Mean Cu concentrations in Lakes Manapouri and Te Anau are around 5.25 to 6.37 nmol l -1 (Reid et al. 1999 , Sander et al. 2005 . Cu concentrations at 15 m depth in inner Doubtful Sound in April 2009 were much lower (on average 0.01 ± 0.003 nmol l -1 ; S. R. Wing unpubl. data) supporting the hypothesis that the high concentrations observed in mussels grown in the inner fjord LSL result from anthropogenic Cu inputs via the HEP outflow, although the alternative bioavailability hypothesis must also be considered.
Surface concentrations of Mn (25-55 nmol l -1
) and ) in Doubtful Sound are relatively low (Kim et al. 1990) ; vertical profiles were similar in Doubtful Sound and the adjacent, unaltered Bradshaw Sound basin and largely mirrored silicate distribution (i.e. followed a nutrient-type profile). No data are available for Mn or Fe concentrations in Lakes Manapouri or Te Anau; while the source of the inner fjord LSL Mn and Fe spikes cannot be ascribed in the absence of comparable ambient water concentration data, the fact that concentrations were not elevated in the surface waters of inner Doubtful Sound (Kim et al. 1990 ) makes it unlikely that the relatively high concentrations recorded in the shells of mussels grown here result from anthropogenic inputs. Rather, the pattern may be related to the increased concentration of bioavailable free ions at low salinities. This mechanism could also explain the Cu peak in the inner fjord LSL group.
Dissolved Cd concentration in Lake Manapouri is around 0.022 nmol l -1 (Sander et al. 2007 ). However, surface concentrations in Doubtful Sound and Bradshaw Sound are much lower (0.008-0.010 nmol l -1 ), increasing with depth in parallel with PO 4 3-and comparable between fjord basins (Kim et al. 1990 , Frew & Hunter 1995 . The increased Cd/Ca observed in mussels grown in the inner Doubtful Sound LSL therefore likely results from an increased concentration of the bioavailable Cd 2+ ion at lower salinities rather than anthropogenic inputs of Cd via the HEP outflow. Ambient concentrations of Co and Pb in Lake Manapouri and Doubtful Sound are unknown so the mechanism underlying the spatial variability in their incorporation into mussel shell cannot be postulated. The suite of elements displaying an inner fjord LSL peak represent potentially useful natural tags of inner fjord habitat use in Doubtful Sound and low salinity environments in other estuarine systems.
Ba/Ca was also elevated in mussels from the inner fjord LSL but this was not unexpected given the inverse relationship between salinity and Ba in seawater, and Ba/Ca correlated well with salinity throughout the fjord. Ambient Ba concentration at 15 m depth in Doubtful Sound and Bradshaw Sound in April 2009 followed similar trends within and among habitats but was higher in Doubtful Sound than Bradshaw Sound, reflecting the typically lower salinities in the altered fjord basin (S. R. Wing unpubl. data). The marked Ba/Ca maximum was therefore likely due to the magnitude of the salinity gradient between this experimental group and other groups and/or an increased concentration of free Ba 2+ ions at very low salinities. The along-fjord increase in Ba/Ca in the SL mirrors an increase in ambient Ba at 15 m under constant salinity conditions (S. R. Wing unpubl. data).
B/Ca and Mg/Ca did not correlate well with salinity despite previous reports of a direct relationship in mytilids (Dodd 1965 , Furst et al. 1976 , Lorens & Bender 1980 . B/Ca concentrations were lower in the midfjord, perhaps indicating a removal from the water column and reflecting the maximal phytoplankton productivity in this mixing zone (Goebel et al. 2005) ; variability in B/Ca at constant salinity likely reflects variability in inputs and ambient concentrations. Mg/Ca concentrations were characterised by an inner fjord LSL maximum that drove all observed horizontal and vertical patterns. A salinity effect on Mg incorporation into mussel shells may be detectable only at extremely low salinities, as suggested by Dodd & Crisp (1982) . Li/Ca was well correlated with salinity, corroborating previous experimental results for fish otoliths (Hicks et al. 2010) ; Reid et al. 1999) . This is consistent with a conservative profile in seawater and is corroborated by the uniform concentration at 15 m depth along the fjord axis, at a constant salinity of ~34. Sr/Ca on the other hand showed significant variability despite constant salinity in the SL. Sr uptake must therefore be influenced by factors other than salinity.
Evidence for biological control of elemental uptake
Early studies suggested an effect of growth rate on Sr/Ca in bivalve shells (Swan 1957 , Pilkey & Goodell 1963 . A direct relationship between growth rate and Sr/Ca has been observed by some researchers (Stecher et al. 1996 , Takesue & van Geen 2004 while others (Gillikin et al. 2005b ) have found evidence of an inverse relationship. This discrepancy suggests that Sr 2+ discrimination could occur either: (1) during transport to the EPF, due to decreased growth rates at higher mantle metabolic activity (Rosenberg & Hughes 1991) , resulting in a direct relationship (Klein et al. 1996) , or (2) during shell crystallisation, as although Sr 2+ and Ca 2+ use similar pathways (Ferrier-Pagès et al. 2002 ) the enzyme that controls calcium channel activity (Ca 2+ -ATPase) has a higher affinity for Ca 2+ (Yu & Inesi 1995) , resulting in an inverse relationship (Gillikin et al. 2005b ). Carré et al. (2006) in their study of 2 bivalve species concluded that the first mechanism was responsible for the observed Sr 2+ discrimination as crystal growth rate determines the electrochemical potential driving ions through calcium channels and therefore influences Sr 2+ incorporation. However, Gillikin et al. (2005b) dispute this mechanism on the grounds that increased metabolic pumping should result in increased growth rate and a decreased Sr/Ca. Previous studies on mytilids have not reported a relationship between shell growth rate and Sr/Ca (Lorens & Bender 1980 , Klein et al. 1996 .
The growth rate of experimental Mytilus galloprovincialis was positive at all depths (2 -10 m) in all habitats in Doubtful Sound except at 2 m depth in the inner fjord (Wing & Leichter 2011) . Here, growth rate was negligible over the experimental period and shell samples acquired for trace element analysis were minimal. This was attributed to the stressful salinity regime in this habitat; indeed, mussels are naturally absent from this experimental site. Salinity was found to account for 94% of the variance in growth rate among habitats and depths and a direct relationship was observed (Wing & Leichter 2011) , generating the hypothesis that it is growth rate that is responsible for the observed Sr uptake pattern rather than a direct effect of salinity. While both salinity and growth rates individually explained significant portions of the variability in Sr/Ca (< 92%), salinity emerged as the stronger influence in terms of variance explained. However, physiological mediation of Sr transport between the ambient water and the crystallizing shell is sufficient to result in an inverse relationship between Sr/Ca and salinity, rather than the direct relationship previously reported for bivalve shells (Dodd & Crisp 1982 , Raith et al. 1996 and fish otoliths (Campana 1999) . Following the model proposed by Gillikin et al. (2005b) , the decrease in Sr 2+ incorporation at higher salinities may be related to increased crystal growth rate and preferential transport of Ca 2+ ions to the site of crystallisation. This is the first evidence suggesting an effect of growth rate on Sr incorporation in a mytilid. Both growth rate (Wing & Leichter 2011) and salinity were constant in the SL however, so the along-fjord variability in Sr/Ca remains unexplained. The use of high-spatial-resolution analytical techniques such as laser ablation ICP-MS could help resolve the relationship between Sr incorporation and instantaneous growth rate throughout ontogeny and would also enable targeted sampling of discrete crystalline phases (calcite versus aragonite). This was beyond the scope of the current study and concentrations reported here integrate across crystalline phases. No evidence was found to support physiological control of trace element uptake through valve closure during periods of salinity stress.
As we did not concurrently measure ambient trace element concentrations, we can only postulate relationships between water chemistry and trace element composition of bivalve shell material. For the majority of elements uptake patterns reflected the integration of environmental conditions, either directly as a result of ambient concentrations or indirectly due to increased bioavailability at low salinity. However in the case of Sr, the most well-studied element present in biogenic carbonates and one frequently employed as a proxy for environmental conditions, we found evidence of bio-logical mediation of environmental signals via the crystal growth rate. The results of this study, the first to experimentally exploit strong and predictable natural environmental gradients typical of estuaries, provide a valuable addition to the growing body of literature seeking to resolve biological versus physical control of elemental incorporation into biogenic carbonates. This has important implications for future studies seeking to employ environmental variability in elemental signatures of calcified structures as a tool for stock discrimination, connectivity modelling, pollution monitoring and palaeoclimate reconstruction. 
